>20 hr after wounding, protoplast yields were less than half of those from control plants. Multiple woundings decreased yields even further, as did chewing of the lower leaves by tobacco hornworms over a period of several minutes. In addition, within 4 hr of excising young tomato plants at their base with a razor blade, a 90% decrease in leaf protoplast yields was recorded. The major loss of protoplasts induced by wounding was primarily due to an increased cell lysis during protoplast isolation. Cell lysis was apparently due to a weakened cell membrane, because newly recovered protoplasts released from leaves of wounded plants were extremely fragile and exhibited 70% lysis during low speed centrifugation, compared to 20% lysis of protoplasts recovered from control plants. We conclude that a signal is released by wounding that is rapidly transmitted or transported through the plants to induce a profound change in the leaf cell membranes that renders them fragile during protoplast isolation. It is proposed that this signal may play a role in inducing cellular changes in the plant cells as part of their responses to environmental stress such as pest attacks.
Systemic induced immunity in plants to viruses, bacteria, and fungi has been well documented over the past 4 decades (1), and numerous reports of induced insect resistances that are systemically mediated have appeared within the past 5 years (2) . Only a few of these systemic resistance responses toward microorganisms and insects have been studied at the biochemical or molecular biological levels. However, three systemic wound signals have been identified and studied in some detail: (i) a lipopolysaccharide fragment from bacterial cell walls appears to play a role in systemic induced immunity toward bacterial infections in tobacco plants (3) , although the molecular basis of the resistances are not clear; (ii) a pectic polysaccharide, a fragment of the plant cell wall, has been shown to induce the synthesis and accumulation of antinutrient proteinase inhibitor proteins in excised tomato and potato leaves that are systemically regulated in these plants by wounds from insects (4); and (iii) electrical signals have been implicated in systemic responses induced by mechanical wounding (5) . Little is known of the intracellular mechanisms that accompany the amplification or reception of any of these signals, and nothing is known of their mechanism(s) of gene activation.
In this communication, we report that systemic signals resulting from mechanical damage to tomato and potato leaves profoundly change properties of the cells of undamaged leaves many centimeters away. This change is manifested in strikingly decreased yields of protoplasts isolated from these cells. We suggest that the wound-induced changes in the properties of the leaf cells may be an early recognition event of the plant's responses to pest attacks.
MATERIALS AND METHODS
Tomato plants (var. Bonnie Best) and potato plants (var. A6595-3) were grown from seeds in a growth chamber under 30% humidity with a daily schedule of 17 hr of light (150 x 10-6 einsteins/m2 per sec) at 30'C and 7 hr of dark at 220C. Tomato plants were used for experiments 15-18 days after planting. They were -3 cm tall and possessed 2-3 expanding leaves. Potato plants were used 4-5 weeks after planting. They were -5 cm tall and possessed 4-5 expanding leaves. Plants were wounded by crushing the appropriate leaves across the midvein with a hemostat. The lowest terminal leaflet of tomato plants and two to three lower terminal leaflets of potato plants were wounded. The upper nonwounded leaves from the plants were used to prepare protoplasts.
Tomato plants excised and supplied with proteinase inhibitor inducing factor (PIIF) were used -20 days after planting and had two expanding leaves and a small spiral leaf. The plants were excised just above the soil level and allowed to take up solutions of 0.05 M sodium phosphate (pH 6.0) or PIIF at 1 mg/ml dissolved in the same buffer for 60 min. The plants were then supplied with water for the appropriate times at 150 x 10-6 einsteins/m2 per sec at 30'C and assayed for inhibitor I or used for protoplast isolations. Tobacco hornworm larvae (Manduca sexta) in the fourth instar stage were allowed to feed on one lower leaf of 17-dayold tomato plants for 15- Tomato leaf proteinase inhibitor I was assayed by radial immunodiffusion as dscribed by Ryan (8) , and the data were plotted as described by Trautman et al. (9) .
Tomato PIIF was prepared from tomato leaves as described (10) .
RESULTS AND DISCUSStON
Our observations of decreased leaf protoplast yields from wound-damaged potato and tomato plants resulted from our research bn the wound induction of two proteinase inhibitors in plant leaves (11, 12) . Two inhibitors (inhibitors I and II) accumulate in substantial quantities in leaves of potato and tomato plants in response to a wound-releksed systemic signal. (13) . The inhibitor proteins were shown by electron microscopy to be sequestered as protein aggregates in the central vacuoles of leaf cells (14) . These observations were later confirmed when vacuoles were isolatdd from leaves of wounded tomato plants and were shown quantitatively to contain the two inhibitors (15) .
During the isolation of vacuoles, we noticed consistently lower yields of protoplasts and vacuoles from unwounded leaves of wounded plants than from leaves of control plants. We have investigated the possible reasons for the lower protoplast yields from wounded plants. In light, temperature, and humidity. As seen in Fig. 1 , the wound-induced loss in protoplast yields from both potato and tomato leaves is time dependent. Within 3-4 hr of wounding, the yields of protoplasts dropped to 75% of controls, and after 8-10 hr the yields dropped to <50% of control plants.
The magnitude of the decreased yields of protoplasts from wounded plants depends od the severity of wounding. In Ta Once-wounded tomato plants were wounded across the midvein 4 hr before protoplast preparation. Twice-wounded plants were wounded 4 and 3 hr before protoplast preparation. Protoplasts were prepared from the opposite nonwounded leaves of the plant. Two sets of plants were treated for each set of experiments. One set was used to isolate protoplasts, and a second set was incubated under light (150 x 10-6 einsteins/m2 per sec) for 24 hr and the levels of inhibitor I were determined immundlogically to assess the effectiveness of the wounding. All data represent assays from five sepatate experiments. Chlorophyll values were evaluated as ,Ag per g fresh weight of leaf tissue, and mannosidase activity was evaluated in units per g fresh weight. The levels ifi both mannosidase and chlorophyll per protoplast remained constant in all of the experiments.
Proc. Natl. Acad. Sci. USA 81 (1984) Leaf tissue (0.9 g) was incubated in 20 ml of mannitol solution containing cell-wall digesting enzymes. After 3.5 hr, each leaf tissue digest preparation was filtered through a 100-/.m mesh polypropylene screen. Undigested leaf material remaining on the screen was resuspended in 10 ml of the mannitol solution and was refiltered through the polypropylene screen and the two filtrates were combined. Intact protoplasts were counted and the levels of chlorophyll and mannosjoase in the digest were assayed. The induced fragility of the newly isolated protoplasts was particularly pronounced during centrifugation of the protoplasts at low speed. In Table 3 , the results of an experiment are shown in which newly released protoplasts from unwounded leaves from both wounded and unwounded plants were centrifuged at low speed. Recoveries of protoplasts from wounded plants immediately after incubation with the cell-wall digesting enzymes were -67% of control yields. However, on centrifugation at 25 x g for 7 minm, 70% of the protoplasts from wounded plants were broken compared to 20% breakage of control protoplasts. When the newly harvested protoplasts were centrifuged at 100 X g, =70% of the protoplasts from wounded plants were again broken, but at this speed only 40% of the protoplasts from control plants had lysed. This experiment indicates that two populations of protoplasts may exist in leaves of wounded plants: one population that is easily lysed on centrifugation, and a second, stable population, that remains unbroken even under the higher 100 x g forces.
Inhibitor I has been shown to accumulate in excised young (18) . Excision alone induced little or no inhibitor when a razor blade was used to cut the base of the main stem (18) .
We therefore isolated protoplasts from leaves of excised young tomato leaves 4 hr after supplying them with buffer or PIIF, and we compared the yields of protoplasts from the leaves of these plants with those from leaves of intact plants. The accumulation of inhibitor I in similarly treated leaves was also recorded 24 hr after excision. Fig. 2 (22) . Nothing is yet known of the signals that induce this response or of the mechanisms that cause the changes in the membrane properties.
In contrast to the aforementioned examples, the systemic effects observed in this report occur several centimeters away in distal tissues. Nevertheless, it is possible that all of these processes are related through the same signals or through similar biochemical responses. Analysis of membranes of wounded and unwounded plants for both composiP. tion and chemical properties may provide clues toward understanding the biochemical and chemical processes that contribute to the systemic wound-induced changes in leaf cells reported here.
